In order to increase surface hardness of AISI 1045 steel, a new hybrid surface modification; combination of atmospheric-controlled induction-heating fine particle peening (AIH-FPP) and plasma nitriding, was developed. Surface microstructures of plasma nitrided specimens pre-treated with AIH-FPP using Cr shot particles were characterized by an optical microscope, a scanning electron microscope (SEM), an energy dispersive X-ray spectrometer (EDX) and X-ray diffraction analysis (XRD). As results, the nitrided layer was formed at the surface of the specimen with Cr diffused layer induced by AIH-FPP. This nitrided layer showed higher hardness than that of without AIH-FPP specimen. This was because CrN was formed at the surface of the AIH-FPP/Plasma nitriding treated specimen. And, the surface hardness of the nitrided layer tended to increase as the Cr concentration in the surface layer decreased. It was clarified that the pore formation during the AIH-FPP/Plasma nitriding treatment was inhibited by decreasing Cr concentration. These results suggest that the proposed hybrid surface treatment remarkably increases surface hardness of AISI 1045 steel.
Introduction
Nitriding, which is usually performed at a lower temperature (around 500°C) than other heat treatments, has been widely used in various fields of engineering. Mainly, this treatment is performed to form high hardness layer and to improve the fatigue strength and wear resistance of steels 17) used for mechanical components. Especially, the formation of nitride precipitates, such as Al-, Cr-, V-nitrides, is very effective for increasing surface hardness of steels by nitriding.
In this study, in order to increase surface hardness of AISI 1045 steel without containing alloying elements which could precipitate as nitrides, a new hybrid surface modification was developed. In our previous study, we focused on shot particle transfer by fine particle peening (FPP) 812) and developed a surface treatment system that combined a high-frequency induction-heating (IH) system with FPP, enabling control of the process atmosphere (referred to as AIH-FPP). 13) This system can create a shot particle diffused layer on a metal substrate.
1316) Therefore, it is possible that nitriding could create extremely high hardness layer on the AISI 1045 steel with Cr diffused layer induced by AIH-FPP.
The aim of this study is to examine the effect of the proposed hybrid surface modification; combination of AIH-FPP and plasma nitriding, on the characteristics of the surface modified layer of the AISI 1045 steel. Moreover, the mechanism of forming high hardness layer by AIH-FPP/ Plasma nitriding treatment is discussed.
Experimental Procedure
The material used in this study was AISI 1045 steel with the chemical composition shown in Table 1 . The microstructure of AISI 1045 steel is shown in Fig. 1 . Steel bars, 15 mm in diameter, were machined into 4 mm-thick disks. These specimens were polished with emery paper (#320 to #1200), and were then mirror-finished using SiO 2 suspension. Figure 2 shows a schematic illustration of the AIH-FPP system.
13) The specimen was set into the heating coil and the atmosphere in the chamber was replaced by supplying argon gas through the FPP nozzle. After the oxygen meter (measuring tolerance «0.3%) indicated 0.0%, Cr shot particles (3050 µm in diameter), as shown in Fig. 3 , were peened by the AIH-FPP system at 900°C in an argon atmosphere. The AIH-FPP condition is shown in Fig. 4 and Table 2 . In this study, AIH-FPP was performed under various heating time conditions in order to prepare 3 types of specimens which show different Cr concentration at the top surface. The plasma nitriding was then performed at 500°C for 8.5 h after the AIH-FPP treatment. And, plasma nitrided specimen without AIH-FPP was also prepared (referred to as the N series). The microstructural characteristics of the modified specimen surface were examined using an optical microscope, a scanning electron microscope (SEM) and an energy dispersive X-ray spectrometer (EDX). The crystal structures of the specimens were identified using X-ray diffraction (XRD) with CuK¡ radiation (wavelength: 0.154 nm).
Results and Discussions

Evaluation of the surface modified layer created by
AIH-FPP Figure 5 shows the SEM micrographs and the results of EDX analyses, with Cr and Fe maps observed at the longitudinal sections of the AIH-FPP treated specimens etched with 3% Nital solution. These figures show a smooth layer is observed near the surface and the layer contains Cr and Fe elements. This result indicates that AIH-FPP treatment supplies Cr element on the specimen's surface. And the thickness of the surface modified layer was increased with increasing heating time in AIH-FPP. Figure 6 shows the relationship between heating time in AIH-FPP and the Cr concentration at the top surface of the AIH-FPP treated specimens. The Cr concentration became low as heating time was increased. This was because the Cr element in shot particles transferred on the surface was diffused into the material during the heating process in AIH-FPP. These specimens are referred to as the High series, Middle series and Low series corresponding to the Cr concentration, respectively.
In order to examine the characteristics of the AIH-FPP modified layer in more detail, XRD analysis was performed. Figure 7 presents XRD patterns obtained for surface layers of the untreated specimen ( Fig. 7(a) ) and AIH-FPP treated specimens (Figs. 7(b), 7(c), 7(d)). In every specimen, similar diffraction patterns were observed. The diffraction peak of the base metal (Fe) was revealed, but the diffraction peaks of the shot particle (Cr) and CrFe compounds were not detected. These results indicate that the Cr diffused layer is formed on the AIH-FPP treated specimen.
Evaluation of surface layer created by the AIH-
FPP/Plasma nitriding treatment In the previous section, the Cr diffused layers, whose thickness and Cr concentration were different, were formed on the AISI 1045 steel by AIH-FPP treatment. In order to evaluate the effect of AIH-FPP treatment on plasma nitriding behavior of AISI 1045 steel, plasma nitriding was performed on both AIH-FPP treated and untreated specimens. Figure 8 shows the micro-Vickers hardness distribution of the plasma nitrided specimens at longitudinal section. In this figure, the plasma nitriding increased the hardness of specimens near the surface. The surface hardness of the AIH-FPP/Plasma nitriding treated specimens (High+N, Middle+N and Low+N series) was high in comparison to that of the N series. And surface hardness tended to be increased with decreasing the Cr concentration. Figure 9 shows typical microstructural features of the plasma nitrided specimens observed with an optical microscope after etching with a 3% Nital solution. These figures show that the black layer is clearly observed on the AIH-FPP/Plasma nitriding treated specimens. This black layer was a nitrided layer corresponded to the high hardness region, as shown in Fig. 8 . And the thickness of nitrided layer was increased with increasing heating time in AIH-FPP.
To examine the characteristics of the microstructure of the plasma nitrided specimens in more detail, XRD analysis was performed. 3.3 Mechanism of creating the high hardness layer using AIH-FPP/Plasma nitriding treatment In order to increase surface hardness of AISI 1045 steel, we performed AIH-FPP using Cr shot particles prior to plasma nitriding. This treatment enables the creation of high hardness layer containing chromium nitride. However, the hardness of the nitrided layer was decreased with increasing Cr concentration of the surface layer induced by AIH-FPP, as shown in Fig. 8 . In this section, the mechanism of forming high hardness layer by AIH-FPP/Plasma nitriding treatment is discussed. Figure 11 shows the SEM micrographs of the AIH-FPP/ Plasma nitriding treated specimens etched with 3% Nital solution. The presence of the compound layer can be clearly observed near the surface. In the case of the High+N and Middle+N series (Figs. 11(a), 11(b) ), cracks and pores were observed at the surface. On the other hand, the compound layer of the Low+N series did not possess cracks and pores (Fig. 11(c) ).
In order to clarify the reason for forming pores in the compound layer of the High+N and Middle+N series, EDX analysis was performed. Figure 12 shows the results of EDX analyses with Cr maps corresponded to the SEM micrographs, as shown in Fig. 11 . These figures show that Cr concentration is locally high surrounding the porous region in the High+N and Middle+N series (indicating the arrow marks in Figs. 12(a), 12(b) ). On the other hand, in the case of the Low+N series (Fig. 12(c) ), which did not posses pores, Cr concentration showed constant inside the compound layer. Hosmani et al. 17) reported that pores in the compound layer were formed due to recombination of nitrogen atoms to N 2 during the transformation of the ferrite matrix into iron nitrides surrounding CrN precipitates. Based on this report and results, in the case of the AIH-FPP treated specimens containing high Cr concentration, pores and cracks are easily formed in the compound layer, resulting in decreasing surface hardness. It was clarified that the pore formation during the subsequent plasma nitriding was inhibited by decreasing Cr concentration in the Cr diffused layer created by AIH-FPP. Figure 13 schematizes the mechanism of forming surface layer by plasma nitriding and the proposed hybrid surface modification. In the case of the N series, only iron nitrides are formed ( Fig. 13(a) ). In contrast, in the case of the AIH-FPP/ Plasma nitriding treated specimens, the Cr element induced by AIH-FPP precipitates as CrN, resulting in the formation of high hardness layer. However, when the Cr concentration of AIH-FPP treated surface is high, cracks and pores are created in the compound layer during the subsequent plasma nitriding (Fig. 13(b) ). The pore formation could be inhibited by decreasing Cr concentration in the Cr diffused layer created by AIH-FPP (Fig. 13(c) ). These results suggest that the proposed hybrid surface treatment remarkably increases surface hardness of AISI 1045 steel.
Conclusion
In order to increase surface hardness of AISI 1045 steel, a new hybrid surface modification; combination of AIH-FPP using Cr shot particles and plasma nitriding, was developed. The results are summarized as follows:
(1) Surface hardness of the AIH-FPP/Plasma nitriding treated specimen shows high in comparison to that of the only plasma nitrided specimen. This is because the AIH-FPP/Plasma nitriding treatment enables the formation of chromium nitride on the AISI 1045 steel's surface. 
